The notion of non-trivial topological winding in condensed matter systems represents a major area of present-day theoretical and experimental research. Magnetic materials offer a versatile platform that is particularly amenable for the exploration of topological spin solitons in real space such as skyrmions. First identified in non-centrosymmetric bulk materials, the rapidly growing zoology of materials systems hosting skyrmions and related topological spin solitons includes bulk compounds, surfaces, thin films, heterostructures, nano-wires and nano-dots. This underscores an exceptional potential for major breakthroughs ranging from fundamental questions to applications as driven by an interdisciplinary exchange of ideas between areas in magnetism which traditionally have been pursued rather independently. The skyrmionics roadmap provides a review of the present state of the art and the wide range of research directions and strategies currently under way. These are, for instance, motivated by the identification of the fundamental structural properties of skyrmions and related textures, processes of nucleation and annihilation in the presence of non-trivial topological winding, an exceptionally efficient coupling to spin currents generating spin transfer torques at tiny current densities, as well as the capability to purposedesign broad-band spin dynamic and logic devices. arXiv:2001.00026v2 [cond-mat.str-el] 
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Magnetic skyrmions are topological spin textures that are stabilized in various types of magnets by different kinds of interactions.
Among them, noncentrosymmetric bulk magnets with either chiral, polar, or D 2d symmetry provide a good arena to study fundamental properties of skyrmions [1] . In these magnets without inversion symmetry, Dzyaloshinskii-Moriya interaction (DMI) gradually twists the otherwise ferromagnetic spin arrangement, thus giving rise to helimagnetic structure in zero field as well as skyrmions in a certain range of magnetic field. Skyrmions cannot be connected to helical structure through continuous deformation, therefore they are topologically protected from external perturbations and hence appropriate for robust information carriers. Thus far, three different types of skyrmions have been observed experimentally, which are schematically shown in Fig.1 .
The first category is a Bloch-type skyrmion in chiral magnets, where the spins are lying within the tangential plane, as shown in Fig. 1(a) . The Aphase in MnSi with B20-type chiral structure, which had been known for years as a mysterious phase, was revealed to be a skyrmion crystal, which is described as a superposition of three screw-type helices, by small angle neutron scattering (SANS) [2] . Then, isolated skyrmions in addition to the skyrmion-lattice form were observed for B20 compounds in real space by Lorentz transmission electron microscopy (LTEM) technique [3] . In 2012, an insulating and multiferroic Cu 2 OSeO 3 was identified to host skyrmions [4] . In 2015, β-Mn type Co-Zn-Mn alloy was discovered to exhibit skyrmions at and above room temperature, and the metastable skyrmion state was observed at zero magnetic field and room temperature [5] , as displayed in Fig. 2 .
The second class is a Néel-type skyrmion in polar magnets where the spins are lying within a radial plane, as shown in Fig. 1(b) , and their lattice is described as a superposition of three cycloidal helices. The bulk material identified to host the Néel-type skyrmion is a polar compound GaV 4 S 8 with a Lacunar spinel structure [6] and related polar materials.
The third family is an antiskyrmion shown in Fig.1(c) , which was discovered in Heusler compounds with D 2d crystal symmetry in 2017 by using LTEM [7] . Application of magnetic fields stabilizes the antiskyrmion lattice over a wide range of temperature including room temperature.
As overviewed above, some materials that exhibit (anti)skyrmions above room temperature have been found, but continued efforts to expand the horizon of such materials should be necessary to understand the fundamental physics of the skyrmions as well as to achieve their applications in practical devices.
Current and future challenges
Toward full understanding of the intriguing physical properties of skyrmions as well as applying them to devices, there appears to be several challenges to be addressed from the materials point of view.
1. Achieving both high transition temperature and small size of a skyrmion.
In general, transition temperature T c and the size of a skyrmion are proportional to J and J/D, respectively, where J and D denote exchange interaction and DMI. To achieve high T c and small size of a skyrmion, J should be increased, and D should be even more enhanced.
2. Increasing the (meta)stability of a skyrmion.
As exemplified in the quintessential compound MnSi [2] , skyrmions can usually form only in a narrow phase space in a temperature-field plane. For the applications of skrymions, the stability (or metastability) should be enhanced so that the skyrmions persist in a wider phase space. The (meta)stability of the skyrmions has to be studied in more detail.
3. Three-dimensional nature of a skyrmion. A single skyrmion is often considered as a rigid, tube-like object. In reality, however, a skyrmion is better considered as a flexible string that can dynamically deform under the influence of pinning sites. Also, in the destruction process of a skyrmion, creation of monopole-antimonopole pair, or coalescence between two skyrmion strings are important [8] . These issues related to the three-dimensional nature of the skyrmion string are to be clarified thoroughly. 4 . Controlling skyrmions. Creation, transportation, detection, and annihilation of skyrmions are definitely necessary. As for the creation, current injections, application of stress, irradiation of pulsed light have been reported to successfully stabilize the skyrmions. It has been also known [9] that skyrmions are driven by much lower current density than those needed for ferromagnetic domain wall motion. Future challenge is to control the motion of isolated skyrmions individually, and to keep the threshold current-density low while attaining the high metastability, which may show a trade-off relation.
Advances in science and technology to meet challenges
Since the discovery of skyrmions in B20-type compounds, many advances have been achieved thus far, and also will be expected in the near future, to meet the challenges described in the previous section.
1. Recently, theoretical prescription to calculate D value of metallic magnets, which depends sensitively on the band filling, has been established on the basis of first-principles calculation of band structure [10] . These advances allow us to design the magnets with high T c and large value of D.
2. Metastability of quenched skyrmion state has been investigated with a focus on the interplay between topological protection and thermal agitation. Some pump-and-probe or stroboscopic techniques, including the SANS, have been developed to detect dynamical behavior of the skyrmion-lattice formation/destruction process.
Recent experiments have proved that metastability depends on the quenched randomness and the size of a skyrmion, but this should be investigated in more detail.
3.
Monopole-antimonopole structure as well as coalescence of skyrmions have been discussed from magnetic force microscopy measurement and theoretical consideration [8] . These phenomena are also observed for a thin-plate sample by LTEM with in-plane field configuration. Emergent electric field in dynamically bending skyrmion strings as well as nonreciprocal transport along the skyrmion string have been discussed recently. 4 . Creation, transportation, and annihilation of skyrmions have recently been observed with various techniques, such as SANS and LTEM for bulk skyrmions [9, 11] , and scanning transmission xray microscopy exploiting x-ray magnetic circular dichroism for interfacial skrmions [12] . These studies have revealed the dynamic response of skyrmions to the current. Skyrmions in B20-type compounds were known to be driven by low current density as compared with current-driven ferromagnetic domain wall motion [9] , and recently current drive of skyrmions have been successfully demonstrated for the Co-Zn-Mn alloy at room temperature. Imaging experiments with further improved spatial and time resolution will provide further detailed information on the dynamical features of skyrmoions. For the detection of skyrmions, topological Hall effect due to the emergent field has been proved to be effective [13] .
Concluding remarks
Novel non-centrosymmetric magnets hosting (anti)skyrmions have been found in the course of the intensive researches. In the future, further exploration of materials hosting smaller size (anti)skyrmions at higher temperatures should be necessary. It is also important to increase (meta)stability of the skyrmions while keeping the quenched randomness minimal to facilitate small threshold current density and high speed of skyrmion motion. Three-dimensional nature of the skyrmions and the associated interplay between the emergent fields and charge carriers should be understood in more detail. Creation, transportation, detection, and annihilation of individual skyrmions in more effective and controlled way should be further investigated while achieving higher spatial and temporal resolutions of imaging/detecting techniques. Especially, highly sensitive and reliable detection of skyrmions based on electrical methods, such as topological Hall and planar Hall effects, should be further pursued.
Acknowledgements
We are grateful to K. Karube and M. Ishida for their help in preparing this article.
Skyrmions in achiral magnets with competing interactions

Maxim Mostovoy
Zernike Institute for Advanced Materials, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
Status
Current research on skyrmions is mostly focused on magnets with chiral crystal lattices and heterostructures with inversion symmetry broken at interfaces of magnetic layers. At the same time, non-trivial skyrmion topology that gives rise to new phenomena, such as the Topological and Skyrmion Hall Effects, is unrelated to lattice chirality. Recent theoretical studies showed that skyrmion crystals and isolated skyrmions can be stabilized by competing Heisenberg exchange interactions in Mott insulators with centrosymmetric lattices [14, 15, 16] as well as by long-ranged interactions mediated by conduction electrons in itinerant magnets [17] . These magnetically frustrated materials with achiral lattices are interesting because of additional collective degrees of freedom which give rise to a larger variety of topological magnetic states and more complex collective dynamics.
The exchange energy of the skyrmion described by a classical spin model does not change under the sign reversal of an in-plane spin component, which reverses the sign of vorticity, describing the winding of spins around the skyrmion center, and the sign of the skyrmion topological charge, Q. Arbitrary vorticity allows for simultaneous presence of skyrmions and antiskyrmions in easy-axis magnets (see Fig. 3b ) and vortex-antivortex pairs (bi-merons) with topological charge Q = ±1 in easy-plane magnets (see Fig. 4 ) [18] . Heisenberg exchange interactions do not select the spin rotation plane, which leads to an additional skyrmion zero mode, helicity, as there is no energy cost associated with the rotation of spins around the skyrmion symmetry axis (see Fig. 3a ). Skyrmions with opposite helicities attract each other and form stable topological defects with larger topological charges (see Fig. 3c ) [18] .
Non-collinear spin orders can spontaneously break inversion symmetry and induce an electric polarization. Skyrmion with vorticity +1 can have a net out-ofplane electric dipole moment that depends on skyrmion helicity, while the magnetic vortex has an electric charge. The magnetoelectric coupling allows for the electric-field control of topological defects in magnetic Mott insulators. In addition, the size of skyrmions stabilized by exchange interactions can be as small as a few lattice constants, which can be of interest for high-density magnetic memory applications. (a) Bi-meron (vortex-antivortex pair) with topological charge Q = −1 in an easy-plane frustrated magnet. (b) The corresponding distribution of the topological charge density. Adapted after Ref. [18] .
The search for frustrated magnets hosting skyrmions has started only recently. The intermetallic compound, Gd 2 PdSi 3 , shows a spiral ordering of Gd spins with 6 possible orientations of the wave vector in the hexagonal plane, which under the applied magnetic field transforms into a skyrmion array, as evidenced by the giant Topological Hall Effect (THE) [19] .
Current and future challenges
Magnetically frustrated Mott insulators hosting skyrmion crystals are yet to be found. They have to satisfy a number of criteria, e.g., a high-symmetry axis that would allow them to accommodate multiplyperiodic states. Furthermore, the mechanism for stabilization of skyrmion crystals in an applied mag-netic field, which works in both chiral and achiral magnets, requires modulated ferromagnetic orders, whereas most frustrated magnets show antiferromagnetic spiral states. For example, incommensurate spin spirals inducing an electric polarization have been found in dihalides, such as NiBr 2 and Col 2 , with stacked triangular lattices of magnetic ions [20] . However, the antiferromagnetic coupling between neighboring magnetic layers can suppress the skyrmion crystal state [21] . The requirements for stability of isolated skyrmions and bi-merons are less stringent -they can exist even in weakly frustrated magnets [18] with uniform ferro-or antiferro-magnetic orders.
Static and dynamics properties of a rich variety of unconventional magnetic orders and topological spin textures in frustrated systems, such as hopfions and magnetic hedgehogs (Bloch points), still have to be explored. Hedgehog-antihedgehog arrays have been recently observed in SrFeO 3 -a metal with the cubic perovskite structure which at T N ∼ 130 K undergoes an antiferromagnetic phase transition ascribed to the onset of a helical spiral order. Later transport and neutron measurements revealed more ordered phases with several coexisting spirals. The four-spiral state is a hedgehog-antihedgehog lattice that under an applied magnetic field shows the THE [22] . It is not clear, however, whether itinerant magnets can support stable isolated magnetic defects.
Another interesting class of materials are magnets that are both geometrically frustrated and chiral, such as the hexagonal swedenborgite, CaBaCo 2 Fe 2 O 7 [23] . They can show complex magnetic orders resulting from the interplay between a plethora of competing spin configurations typical for geometrically frustrated systems and the tendency to form non-collinear orders due to lattice chirality.
Helicity gives rise to a new low-energy branch of magnetic excitations in skyrmion crystals and a new collective zero mode of isolated skyrmions and antiskyrmions. Effects of this additional degree of freedom on heat transport in frustrated magnets, such as the topological magnon Hall and spin Seebeck effects, have to be studied theoretically and experimentally. The coupling between helicity and translational modes, resulting e.g. from the dependence of skyrmion-(anti)skyrmion interactions on both positions and helicities of the topological defects [15] , gives rise to rich and largely unexplored skyrmion dynamics, which can be excited by the spin-Hall torque, electromagnetic fields and electric currents.
Advances in science and technology to meet challenges
Magnetic frustration is very sensitive to deformations of crystal lattice, band filling and electronic configurations of magnetic ions. Therefore, the search for new skyrmion materials will require a tuning of materials parameters, e.g. by pressure and chemical substitutions which affect interactions between spins and magnetic anisotropy. Finding frustrated magnets with a high transition temperature and large magneticallyinduced electric polarization is a challenge. The search for such materials will benefit from first-principles calculations of exchange interactions and magnetoelectric coupling constants.
It is rather challenging to understand the nature of complex multiply-periodic magnetic states, such as the hedgehog-antihedgehog array, on the basis of neutron scattering alone. This technique has to be combined with transport measurements, electric detection of skyrmions, e.g. the Spin Hall Magnetoresistance measurements, and direct imaging. The period of magnetic modulations in frustrated magnets often does not exceed a few lattice constants, which makes the observation of small topological defects by the Lorentz Transmission Electron Microscopy and Magnetic Force Microscopy difficult and calls for development of new techniques with a higher spatial resolution. On the theory side, it will be interesting to explore effects of quantum fluctuations on stability and physical properties of the small-sized skyrmions.
Concluding remarks
The emergence of topological spin textures from magnetic frustration is a new paradigm in the search for skyrmion materials. Experimental and theoretical study of topological magnetic states in frustrated magnets is still in its infancy. Mott insulators with competing exchange interactions as well as itinerant magnets can host tiny skyrmions with versatile physical properties and complex dynamics.
The reversible electric dipole moment of skyrmions in Mott insulators can be controlled with an applied electric field, which provides a new route to skyrmion-based electronics with low energy losses and high density of information storage.
Acknowledgements
The author acknowledges Vrije FOM-programma 'Skyrmionics'.
Skyrmions far from equilibrium in bulk materials
Christian Pfleiderer
Physik-Department, Technical University of Munich, James-Franck-Str. 1, 85748 Garching, Germany
Status
Condensed matter systems far from equilibrium reflect the energy landscape and statistical properties of the low-lying excitations. They may also feature novel forms of order. Systems far from equilibrium attract great current interest as potential routes towards lowdissipation information processing and long-lived nonvolatile data storage. Two non-equilibrium scenarios may be distinguished. Either the systems have fallen out of thermal equilibrium under cooling, or they are driven by an intense non-thermal perturbation such as electromagnetic waves. In this general context, complex spin textures such as skyrmions offer premiere access to the effects of non-trivial topology on physical properties far from equilibrium.
Skyrmionic spin textures readily fall out of thermal equilibrium under field-cooling as observed initially in Fe 1−x Co x Si, MnSi under pressure and Co 8 Zn 8 Mn 4 [24, 25, 26] . While both, Fe 1−x Co x Si and Co 8 Zn 8 Mn 4 , are subject to an abundance of disorder, extremely fast thermal quenches are required in pure MnSi [27] . In the low temperature limit the metastable skyrmion lattice becomes exceptionally stable, namely: As a corollary of these observations the energy of the metstable skyrmion lattice differs only slightly from the true thermodynamic ground states, while the energy barriers are large. Using magnetic force microscopy this was exploited in Fe 1−x Co x Si to obtain information on the nature of the topological unwinding of skyrmions [8] . Further, for thin bulk samples of Fe 1−x Co x Si, which feature an extended parameter range of the skyrmion lattice phase in thermal equilibrium [3] , limitations of the topological protection due to entropy compensation were identified [28] . Moreover, the formation of metastable skyrmion lattice order under field-cooling has also been used, for instance, to determine the size of the intrinsic topological Hall signal [25, 29] . Further, as metastable skyrmion configurations feature excessive life-times their use in non-volatile memory and other applications has been advertised. Namely, skyrmions in bulk materials as well as thin films may be switched on and off by means of very rapid thermal quenches [27, 30] .
Several studies have also addressed skyrmions and skyrmionic spin textures in systems that are strongly driven out of equilibrium by means of a non-thermal stimulus. Important examples include the exceptionally strong coupling of spin currents to skyrmionic textures, which induce skyrmion lattice flow at ultra-small current densities [9, 13, 31] . In atomically thin films, it has been argued that the effects of spin currents permit to read and write skyrmions [32] . Further, the creation of skyrmions with current pulses has also been employed in microstructured films, where the nucleation process is attributed to the details of geometric constraints [33] . On a different note, the creation of specific magnon excitations may also be used to drive skyrmion systems out of equilibrium. A remarkably complete understanding of the spectrum of magnon excitations has been achieved [cf. Sec. 5 and Ref. [34] ]. However, in comparison to the properties of skyrmion lattices that have fallen out of thermal equilibrium, the understanding of skyrmion textures that are driven out of equilibrium by a non-thermal stimulus is much less complete.
Current and future challenges
Major unresolved challenges concern the identification of generic aspects of metastable skyrmion lattice phases across different materials systems.
The putative observation of metastable skyrmion textures with triangular, orthorhombic and quadratic lattice structure in Co 8 Zn 8 Mn 4 and MnSi [26, 36] , suggest that different morphologies may be generated far from equilibrium. This raises the question for the possible existence of liquid-crystal like skyrmion phases such as nematic or smectic configurations [38] . Further analogies of interest concern type 1 and tyoe 2 superconductivity, namely the formation of different morphologies such as square and triangular lattice structures as well as textures akin to the intermediate mixed state [39] .
The identification of two independent skyrmion lattice phases in Cu 2 OSeO 3 [37] , where the magnetic phase diagram under field cooling is reproduced in Fig. 5 (d) , raises the question how two different stabilization mechanisms interfere under metastable conditions. Preliminary measurements suggest, for instance, that the cubic magnetic anisotropies responsible for the low temperature skyrmion lattice phase in Cu 2 OSeO 3 allow to boost the volume fraction of the high-temperature skyrmion lattice even far from equilibrium. Further, as the low temperature skyrmion lattice phase represents a ground state in the zero temperature limit and the high temperature skyrmion lattice phase proves to be exceptionally stable under field-cooling, another open challenge concerns the nature of the nucleation process of the low temperature skyrmion phase, as well as the role of geometric frustration recently explored in the Co-Zn-Mn system induced by cubic magnetic anisotropies [40] . Unresolved questions in skyrmion lattice systems that are driven far from equilibrium by a spin current concern the observation of a propellering motion as well as an improved crystallinity of the skyrmion lattice under flow predicted theoretically [41, 42] . Further, the observation that the reading and writing of individual skyrmions is sensitive to specific locations in nominally homogeneous thin films suggests an important role of inhomogeneities awaiting clarification of the microscopic details [32] .
As for the spectrum of magnons of skyrmion lattices important questions concern differences and similarities of metastable textures with particular interest on the excitation spectra of systems with different lattice morphologies. Further challenges concern the possibility to trigger the decay of metastable skyrmion lattice textures by virtue of resonant microwave pumping. Taking into account differences of the Chern numbers of different magnonic modes, it has been predicted that induced Dzyaloshinsky-Moriya interactions may be created. Finally, under very strong resonant microwave pumping an effective melting of skyrmion lattice order has been anticipated [43] , raising the question for differences with a thermal melting of skyrmion lattice order.
Advances in science and technology to meet challenges
Several experimental techniques have recently been implemented that allow to clarify the questions addressed above. For instance, time-resolved Lorentz transmission electron microscopy on a large field of sight has recently allowed to track system sizes exceeding several 10 4 skyrmions [44] .
For the investigation of ultra-slow decay mechanisms neutron scattering techniques with an exceptional dynamic range will be essential, such as resonant neutron spin echo spectroscopy [45] . Further examples that promise to provide new insights include neutron grating interferometry [46] , stroboscopic SANS of fast thermal quenches [47] and time-resolved small angle scattering (TISANE) [48] . For studies of periodically driven skyrmion lattice systems novel pump-probe techniques will be of interest. This concerns for instance the possibility to perform resonant elastic xray scattering and neutron scattering under microwave radiation.
Concluding remarks
In conclusion, topologically non-trivial spin textures offer a wide range of scientific insights as well as challenges for future studies that connect the notion of topology with general aspects of condensed matter systems far from equilibrium. The rather comprehensive understanding of magnetic skyrmions achieved in recent years promises to turn skyrmions far from equilibrium into a field of research in its own right. 
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Creation, destruction and topological protection of skyrmions
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Status
Due to their topological protection and the potentially easy control of their motion by ultra-low current densities, skyrmions -or more general chiral magnetic textures -are considered for future high density data storage or logic devices [49] . Skyrmion crystals (Skx) and single skyrmions have been studied in many magnetic systems ranging from bulk B20 metals such as MnSi, FeGe and Fe x Co 1−x Si alloys to more complex crystalline bulk alloys and lacunar spinels and to chiral insulators such as Cu 2 SeO 3 . Furthermore, recently thin film heterostructures have emerged as skyrmion hosting materials and first experiments have indicated the possibility of creating skyrmions by simple current pulses in metallic materials [33, 50] . It has also been shown that in these materials single skyrmions and skyrmion sequences can be moved by current pulses [33, 51] . However, in experiments it has been witnessed that in thin film materials skyrmions are easly annihilated at defects [51] . On the other hand it has been proposed [52] and demonstrated [50] that local changes in the energy landscape can be exploited to puposely create skyrmions at specific locations in the material.
Topological protection of the skyrmion state prevents a continuous transformation of the chiral spin texture into e.g. the uniform magnetic state and vice versa. To unwind this extraordinarily stable state -a stability which in principle can also be attributed to isolated metastable skyrmions outside the stability pocket in the phase diagram -topological defects such as Bloch points [53] or so-called hedgehogs [8] need to be introduced. In the continuum limit the energy of topological defects is infinite, however, this energy is reduced to physically relevant values at finite temperatures when the discrete atomic lattice is inroduced [54, 55] .
It should be noted that most experiments are performed at elevated temperatures. This entails that for the description of the energetics of a skyrmion hosting system the free energy needs to be taken into account.
This further means that, when both, temperature induced activation and entropy are taken into account, topological protection of isolated skyrmions can be greatly reduced [28] .
It thus becomes clear immediately, that thorough investigations of stability on the one hand and of mechanisms to controllably create skyrmions on the other hand will become highly relevant in the near future.
Current and future challenges
Skyrmions in e.g. racetrack-type devices "live" in a metastable environment. In both, bulk or thin film systems this would typically be a field polarized state (ferromagnetic or ferrimagnetic). Consequently, two pressing issues arise: i) How can metastable skyrmions be created reliably and on demand in the field polarized state. ii) How can the stability of skyrmions be ensured. Concerning the first point several approaches based on the interplay between a dc current or current pulses and the magnetic energy landscape exist. It has been realized early on that sykrmions may be created at positions where locally the internal stability phase diagram is altered [33, 51, 50, 52] due to the combined action of the current-induced spintransfer torque acting on the local magnetization and a magnetic energy lansdscape which varies locally on a length scale comparable tothe skyrmion size [52] . The local change of the energy landscape may be controlled by the magneto-static energy [33] or by local engeneering of the magnetic anisotropy, Dzyloshinskii-Moriya interaction or saturation magnetization [52] . For technologically desired small skyrmion sizes below 50 nm it is thus technical challenging to realize skyrmion creation on demand. Concerning the second point, a larger effort must be put into the development of experimental methods enabling the detailed evaluation of skyrmion stability as proposed in [55, 28] for technologically relevant thin film materials. While it has been shown in many micromagnetic simulations -which are typically performed at zero temperature -that skyrmions in nanostructures such as racetracks avoid edges and defects [49] and thus escape annihilation, only few systematic studies take finite temperatures and stability under current drive at elevated temperatures into account.
In a recent work by Hagemeister et. al [54] , Monte-Carlo simulations have been used to calculate the attempt frequency for annihilation and creation of isolated skyrmions while e.g. in [55] the geodesic nudged elastic band method has been employed to determine the energy barriers for skyrmion creation and annihilation.
Advances in science and technology to meet challenges
The open questions outlined above call for advancement of stroboscopic and non-stroboscopic time resolved techniques in order to be able to distinguish between repetitive events in creation/destruction of single skyrmions (or skyrmion clusters) compared to rare events. Possible solutions include high resolution time resolved scattering techniques which would be well suited for the observation of non-repetitive phenomena for skyrmion clusters and skyrmion crystals (in bulk systems) and non stroboscopic techniques in real space. It has been shown recently that in principle time resolved Lorentz transmission electron microscopy enables the observation of such phenomena in bulk systems [28] , however, much effort is needed to increase the sensitivity in order to perform similar experiments also in the technologically relevant thin film heterostructures. High resolution techniques are also neded to observe nucleation of skyrmions and their dynamics at nucleation sites of the order of the envisoned skyrmion size below 50 nm [50] . An interesting possiblity could be the use of time resolved magnetoresistive techniques which have been employed successfully to the understanding of subtle details in the case of domain wall nucleation/pinning and motion in recent years.
On the theory side the challenge lies in the incorporation of edge effects present in realistic racetrack devices.
Boundaries might significantly alter the available paths for skyrmion creation and annihilation in particular at elevated tempertures and under current drive. A quantitative analysis of effects that arise from boundaries and the impact of edge effects on skyrmion stability at finite temperatures will be a challenge for the near future.
Concluding remarks
The quantitative understanding of the stability of single skyrmions in a field polarized environment will be a challenging issues both on the experimental and the theoretical side in the years to come.
Experimentally, improved thin film heterostructures and defect free racetracks will be one of the challenging issues along side with optimal recipes to prepare single skyrmions on demand. Experimental methods enabling the unambiguous observation of creation and destruction of sub 50 nm small magnetic objects must be developed. This effort has to be accompanied by theory which should deliver stability phase diagrams in realistic racetrack-type devices at elevated temperatures.
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Magnetic skyrmions and skyrmion crystals are spatially extended, smooth topological textures of the magnetization that possess characteristic internal degrees of freedom. These give rise to a fascinating magnetization dynamics that reflects their non-trivial topology and offers interesting perspectives for applications in the fields of spintronics and magnonics; for recent reviews see Refs. [56, 34] .
At lowest energies the skyrmion dynamics can be described in terms of a collective variable given by the first-moment, R = dxdy rρ top , of the topological charge density ρ top = 1 4πM (∂ xM × ∂ yM ) within the (x, y)-plane whereM is the local orientation of the magnetization. The quantity R can be identified with the linear momentum of the texture that obeys the so-called Thiele equation. This effective equation of motion captures the translational motion of skyrmions induced by spin-transfer or spin-orbit torques in spintronic applications, and it describes the skyrmion Hall effect, i.e., the deflection of skyrmions away from the direction of the spin current.
The rigidity of skyrmions result in additional dynamical excitations of the magnetization at higher energies that, for ferromagnetic materials, are located in the range of microwave frequencies. The associated magnetic resonances of two-dimensional skyrmion crystals were first theoretically identified by M. Mochizuki [43] . They comprise two modes where the global magnetization oscillates within the plane of skyrmions either in a counterclockwise (CCW) or clockwise (CW) fashion and, in addition, a breathing mode (B) where the magnetization oscillates out-ofplane. These resonances were experimentally detected with the help of coplanar waveguides (CPW) in the cubic chiral magnets Cu 2 OSeO 3 , FeGe, Fe 0.8 Co 0.2 Si and MnSi [57, 58] , that host Bloch-skyrmions, and in rhombohedral GaV 4 S 8 with Néel-skyrmions [59] .
The full magnon spectrum is, however, much richer. When spin waves propagate across the periodic texture of magnetic skyrmion crystals, they experience Bragg scattering that leads to a backfolding of their dispersion resulting in a magnon band structure. The extension of the corresponding Brillouin zone, 2π/a SkX , is determined by the lattice constant of the skyrmion crystal a SkX , that is typically on the order of several tens of nanometers. This backfolding leads to various spin-wave modes at the Γ-point of the Brillouin zone but, due to selection rules, only three of them can be excited by magnetic resonance. The other modes with finite frequencies are associated with higher magnetic multipole excitations, see Fig. 5 
.1.
Isolated single skyrmions also possess resonances. Whereas the skyrmions found in chiral magnets are mainly stabilized by the Dzyaloshinskii-Moriya interaction and are relatively stiff with only a few internal modes [34] , the properties of so-called skyrmion bubbles, often found in magnetic multilayers, are dominated by dipolar interactions leading to larger skyrmion sizes with more internal modes [60, 61] . At high energies, the spin wave scattering off single skyrmions is governed by an emergent electrodynamics that is directly linked to the non-trivial topology of skyrmions, see section (Emergent Electrodynamics -K. Everschor-Sitte). It results in a characteristic skew scattering that can give rise to a topological magnon Hall effect [31] . For skyrmion crystals, the emergent electrodynamics leads to magnon Landau levels leading to finite Chern numbers of certain magnon bands [34, 62] . As a result, skyrmion crystals with sufficiently low Gilbert damping should be accompanied with topologically protected magnon edge states.
For magnonics, that aims to control spin waves for microwave applications and information processing, the magnetic insulator Cu 2 OSeO 3 is especially interesting as it possesses a small Gilbert damping α ∼ 10 −4 [63] . In addition, its magnetoelectric coupling allows to access the magnetization dynamics with the help of electric fields with various intriguing magnetoelectric phenomena [56] .
Current and future challenges
Magnon band structure of skyrmion crystals -Up to now, the experimental investigation of the magnetization dynamics of skyrmion crystals is limited to its three magnetic resonances. A future challenge is the exploration of the magnon band structure and its dispersing spin wave modes with various complementary experimental techniques like neutron scattering, spin-wave spectroscopy and Brillouin light scattering. A particularly interesting aspect is the nonreciprocal dispersion, ω(q z ) = ω(−q z ), for wavevectors q z along the magnetic field, i.e., perpendicular to the skyrmion crystal plane, see Fig. 5 .1c). In bulk chiral magnets, skyrmions are extended into strings that are aligned with the applied field, and these strings transfer magnons in a non-reciprocal fashion.
Standing spin wave modes and surface twist -The repeated reflections of magnons at surfaces leads to standing spin wave modes in small samples with low Gilbert damping [63] . Their theoretical description is challenging for two reasons. First, the Dzyaloshinskii-Moriya interaction leads to a surface reconstruction of the magnetization, i.e., a so-called surface twist that in turn results in non-trivial boundary conditions for the reflected spin waves even for free surfaces. The penetration depth of this surface twist itself is, however, not yet fully understood [64] . Second, the regime of wavevectors for the standing spin waves is dominated by dipolar interactions giving rise to a nonlocal interaction between surface twist and spin waves that is challenging to treat theoretically.
Magnetization dynamics of single skyrmions and skyrmion strings -Another challenge is the experimental identification of resonances, like the breathing or the gyrotropic counterclockwise mode, attributed to single skyrmions either in chiral magnets or magnetic multilayers. This requires materials with sufficiently low damping in order to resolve resonances with a small weight proportional to the skyrmion density. An isolated skyrmion or a finite cluster of skyrmions would also provide a platform to investigate experimentally the emergent electrodynamics for spin waves, their skew scattering and the topologically protected magnon edge states preferably with microscopic methods like magneto-optic Kerr effect (MOKE). On the theoretical side, the magnetization dynamics of isolated skyrmion strings needs to be further investigated, that can act as non-reciprocal transmission lines for spin waves. The analogy with vortex filaments in superfluids suggests that skyrmion strings possess an in-teresting non-linear dynamics that remains to be explored. In general, the non-linear magnetization dynamics of textured magnets both under equilibrium and non-equilibrium conditions is poorly developed, see also section (Metastability & non-equilibrium -C. Pfleiderer).
Skyrmion dynamics in frustrated ferromagnets and chiral antiferromagnets -Skyrmions stabilized by exchange-frustration will gain more attention with the increasing availability of materials. The magnetization dynamics of such skyrmions is richer due to the additional helicity degree of freedom that influences the translational motion relevant for spintronics [15] . Similarly, the interest in antiferromagnetic skyrmions [65] is expected to increase fuelled by the growing general interest in antiferromagnetic spintronics and, in particular, by their vanishing skyrmion-Hall effect, that is advantageous for spintronics. Antiferromagnetic skyrmions are anticipated to possess internal eigenmodes with THz frequencies with interesting applications in electronics. The excitation spectrum of skyrmions in both frustrated ferromagnets and chiral antiferromagnets remains to be studied.
Advances in science and technology to meet challenges
For the comprehensive study of the magnon spectrum of skyrmion crystals different experimental techniques need to be combined. Inelastic neutron scattering is, in principle, a powerful method to map out excitation spectra over large regions in energy and reciprocal space. However, the typical wavevector 2π/a SkX for most of the skyrmion materials is too small to resolve the magnon dispersion within the first magnetic Brillouin zone with current neutron detectors. The largest known 2π/a SkX is found in MnSi so that this material is most promising for a neutron scattering study. In the opposite limit of small wavevectors, spin wave spectroscopy and Brillouin light scattering can be employed to access the dispersing character of the magnetic resonances close to the Γ-point of the Brillouin zone. Experiments with MOKE or NVcenters might be able to resolve spatially the dynamics of skyrmion crystals or even single skyrmions.
The study of skyrmions in ferromagnetic multilayers is often hampered by disorder that results in pinning of skyrmions, strongly hysteretic effects and large damping, see section (Skyrmions in tailored heterostructures & multilayers -A. Fert). Better samples will be beneficial for spintronic applications and will also facilitate the study of skyrmion resonances and magnon-skyrmion interactions in these systems. For antiferromagnetic skyrmions, multilayers realizing synthetic antiferromagnets or ferrimagnets close to their compensation point need to be realized. In order to further advance the study of skyrmions in frustrated ferromagnets and antiferromagnets, additional bulk materials also need to be identified.
Concluding remarks
The non-trivial topology of magnetic skyrmions has a strong impact on its magnetization dynamics giving rise to an emergent electrodynamics for spin waves, that leads to skew scattering and topological magnon bands. Whereas the uniform resonances of skyrmion crystals have been successfully studied in the past, many interesting properties of propagating spin waves in skyrmion textures remain to be investigated. Technologically, these might be exploited to control and manipulate magnetic microwave excitations with potential applications in magnonics.
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Status
A central theme in spintronics is the complex interplay between electric currents and magnetization dynamics. An electric current exerts forces on non-collinear magnetic structures and vice versa. In the adiabatic limit where the magnetic structure varies smoothly compared to the atomic lattice spacing and bandstructure effects are negligible, the current-carrying electron picks up a Berry phase while aligning its magnetic moment along the direction of the local magnetization direction. The forces induced by the magnetic structure on the electrons are elegantly accounted for via the description of an emergent electrodynamics, see Fig. 8 .
The key idea of emergent electrodynamics is already encoded in a one-band free-electron Stoner model. [66, 67] Here the electron "feels" emergent magnetic and electric fields
induced by the smooth magnetic texture M (r, t) = M sM (r, t) with saturation magnetization M s . Smooth magnetic skyrmions are tailor-made to study the emergent electrodynamics, as their quantized winding number
ensures the "emergent magnetic flux" per skyrmion to be quantized eB e · dσ = 4π W. As for topological trivial magnetic phases the winding number vanishes, no emergent magnetic field arises. This allows to detect the non-trivial skyrmion topology via the emergent magnetic field using Hall measurements. [68, 69] The additional contribution to the Hall signal based on the non-zero winding number is denoted as the topological Hall effect (THE), see Fig. 9a ). For a time-dependent magnetic texture an emergent electric field arises. The force induced by a moving non-collinear magnetic texture on the conduction electrons is denoted as spin motive force. It has been observed for domain walls [70] and for skyrmions. [13] For skyrmions, the quantization of the emergent magnetic field carries over to the emergent electric field. Thus, a Hall measurement with a current density applied above the depinning threshold, allows for a detection of both the emergent electric field and the drift velocity, see Fig. 9b ).
Current and future challenges
While qualitative features in experiments with smooth magnetic skyrmions can be described quite well by the simple model and the emergent fields in Eqs. (1) and (2) originating in real-space Berry phase effects only, the real situation is however far more complex. For quantitative agreements with experiments in particular with smaller skyrmions, several effects need to be taken into account, including non-adiabatic processes, modifications due to the band structure and multiband-effects, fluctuations of the magnetization amplitude and spin-orbit coupling. In skyrmion systems with weak spin-orbit coupling the emergent fields obtain a chiral contribution [71] and the effects of momentum space and mixed Berry phases become relevant. [72] Furthermore, even though Hall measurements are a simple technique to establish the topological character of a magnetic structure, it is necessary to carefully disentangle the different contributions to the Hall signal, like normal, anomalous, and topological contributions. Complementary studies in combination with theory predictions are needed to obtain a systematic and thorough interpretation of the results for extracting individual contributions such as the THE.
Recently, a direct relation between the emergent magnetic field in real-space and the emergence of chiral and topological orbital magnetism independent of spinorbit coupling has been established. [73] This result allows for new experimental fingerprints of topological magnetic textures and paves the way for chiral orbitronics. Another important aspect to uncover the full potential of emergent electromagnetism is going beyond the adiabatic limit. In a recent article [74] the authors have developed a unified theory for the THE to treat adiabatic and non-adiabatic components of the spin gauge field, thereby being able to cover the range from the strong to the weak coupling regime of the electron spin following the magnetic texture.
Besides the exciting developments in ferromagnetic materials, the emergent electromagnetism for antiferromagnetic skyrmions has been predicted. [75] The main essence can be understood within a simple model for a collinear antiferromagnet in which the emergent magnetic fields on individual sub-lattices have opposite signs. This means that i) the net THE is zero and ii) electrons of opposite spins are deflected in opposite directions, thereby inducing a topological spin Hall effect. With the recent effort of making antiferromagnets active elements in spintronics, emergent electromagnetism for antiferromagnets promises to become an interesting direction.
Another perspective is to go into the direction of quantum skyrmionics. Once the skyrmion size becomes comparable to the size of the underlying lattice, Figure 8 . An electron traverses adiabatically a spatially inhomogeneous smooth magnetic texture. This problem can be mapped to one where the electron moves in a ferromagnetic background but instead "feels" additional emergent magnetic and electric fields. quantum effects become important. [76] Here one can speculate to observe a quantum version of emergent electrodynamics in analogy to the emergent quantum electrodynamics, that has recently been discovered for a quantum spin ice system. [77] 6.3. Advances in science and technology to meet challenges Progress in science towards understanding the complex interplay between electric currents and magnetization dynamics is made by tackling the physics from various directions.
Experimentally there has been a tremendous progress in engineering materials to design their topological properties. For example via constructing multilayer systems, typically out of magnetic and heavy element-based layers, or doping of bulk materials, it is possible to not only fabricate devices with desired real-space skyrmion properties, but also create different (topological) band structures. While initially the emergent electrodynamics has been almost an exclusive way to prove the topological properties of a magnetic texture, alternative experimental methods have become applicable. This is based on the combination of the advancement on experimental tools as well as accessible materials with skyrmion properties matching the corresponding experimental resolutions. The predicted connection between the emergent fields and the orbital magnetism allows for new experimental means to study the emergent electrodynamics and paves the way for chiral orbitronics.
The theoretical description, of the emergent electrodynamics has gone beyond the simplest formulation given in Eqs. (1) and (2) . Yet, so far electronic (magnetic) degrees of freedom are treated mostly separately, and the magnetic (electronic) effects are only taken into account effectively. While analytic theories will only be capable to treat certain limits of the complicated interplay of electric currents and magnetization dynamics, and ab-initio techniques so far can model only small system sizes, new powerful simulation tools will need to be developed to capture the physics of emergent electrodynamics.
Concluding remarks
The concept of emergent electrodynamics provides an intuitive picture for the physics of charge currents traversing a spatially inhomogeneous magnetic texture. Exploiting the physics of emergent electrodynamics allows to explore topological properties of magnetic textures by all-electrical means. While the basic theory has been developed already in 1987, [66] there are several challenging directions to explore in the future including mixed topologies such as in real and momentum space and going beyond (smooth) ferromagnetic textures.
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where M(r i , t) is the local magnetization on a microscopic level, R(t) is the coordinate of the skyrmion and δM(r i , t) parametrizes small corrections to the rigid texture M 0 (r i − R(t)). The latter can be obtained by minimizing the (free) energy of the system. Under the condition that fluctuations δM(r i , t) can be neglected, it was pointed out a long time ago by Thiele [78] , that one can obtain a simple equation of motion for magnetic textures by projecting the equations of motions of the spin-system (often approximated by the Landau-Lifshitz-Gilbert (LLG) equation) onto the coordinate R(t) only.
Here G is the gyrocoupling arising from the Berryphases of the spins. It is given by the product of the topological winding number of the skyrmion and the magnetization density m, G = m d 2 rM · (∂ xM × ∂ yM ). The damping term Γ is within the Landau-Lifshitz-Gilbert equation proportional to the Gilbert damping α, but the validity of this description is unclear, see below.
There are many different sources for external forces F(R(t), t) including electric, spin and thermal currents, field gradients, nano-structure, sample boundaries and defects.
Current and future challenges
Understanding the dynamics of skyrmions as particles requires a detailed understanding of all forces affecting skyrmion motion. This poses both theoretical and experimental challenges. Detailed experiments testing theoretical models of forces are especially important as often the precise microscopic physics underlying the forces is unclear.
While the value of the first term, the gyrocoupling in Eq. (5) is largely fixed by topology and the average magnetization, it is much less clear, which physical processes can be responsible for the damping Γ. Within the LLG equation the Gilbert damping α is used to parametrize phenomenologically microscopic processes which lead to a decay of the uniform magnetization in the system which may arise from the coupling to electrons, phonons, or magnons. Within the Thiele approach, the same parameter determines the damping of skyrmions. It is far from obvious under which conditions and for which materials this approach is correct. For example, if one considers a model system where the total magnetization S z is exactly conserved, such that α = 0, there will still be skyrmion friction arising, e.g., from the spinconserving scattering of thermally excited magnons or electrons.
For example, a moving skyrmion induces an emergent electric field [13] which accelerates thermal magnons or electrons and transfers energy from the skyrmion to its environment. Note that the majority of all skyrmion experiments are performed in a regime where temperature is much larger than the magnon gap. Especially in insulators with small Gilbert damping α one can expect that skyrmion friction is not dominated by Gilbert damping. Comparing experiments measuring spin precession in the ferromagnetic state (and thereby α) and skyrmion damping (e.g., by tracking skyrmion trajectories) separately will allow to investigate quantitatively this question.
An issue which is, however, more important are the forces on the right-hand side of Eq. (5). One the one hand, these are forces used to manipulate the skyrmion, arising from currents, field gradients or from nanostructuring of the sample, e.g., in a wire geometry. On the other hand, this also includes forces which are less under experimental control as they arise from defects or skyrmion-skyrmion interactions. Defects result in skyrmion pinning [13, 79, 80] , strongly affect skyrmion motion and also skyrmion creation and destruction.
As skyrmions are very smooth topological textures, pinning forces from local defects are often suppressed but such a mechanism does not exist for defects which have a length scale similar to the skyrmion size, arising, e.g., from surface roughness of magnetic layers.
A widely discussed question concerns the effective mass of the skyrmion arising when the corrections δM to the rigid skyrmion picture are taken into account. The effective skyrmion mass M s leads to an inertial force of the form M s d 2 R dt 2 and can be used to parametrize corrections to Eq. (5) . There is a Figure 10 . When a force is applied to a skyrmion, internal degrees of freedom are excited. These internal excitations lead to retardation effects which can be described as an effective mass of the skyrmion. Different forces lead to different types of deformations and therefore to different values of the effective mass. The figure is taken from Ref. [79] .
large disagreement in the current literature on the value of the effective skyrmion mass. Some recent publications claim that the mass is exactly zero [81] , others find large intertial effects both in experiments and in simulations of skyrmion dynamics [82] . As has been shown in Ref. [83] , there is not a single effective mass, but different apparent effective masses should be considered depending on the type of force which is applied. As the mass ultimately arises from deformations of the moving skyrmion, see Fig. 10 , one obtains different values whether one considers skyrmions in nanostructures [82, 84] , driven by field gradients, or driven by spin-torques. For the response to some hypothetical force which does not deform the skyrmion, the effective mass vanishes, while large values scaling with the skyrmion size are obtained when the response to thermal fluctuations [83] is considered, arguably the most generic way to define an effective mass. From a more general point of view, one should not only consider the effective mass but the full frequency dependent response [83] to external forces, especially as considering forces proportional to dR dt (gyrocoupling and friction) and d 2 R dt 2 (mass and 'gyrodamping') only turns out to violates basic causality relations [83] .
An effective description of a skyrmion in terms of its coordinate ignores the role of internal degrees of freedom of the skyrmion. These internal degrees of freedom can, however, be used to manipulate the skyrmion and often become important under 'extreme conditions', when the skyrmion is subject to strong forces, or is close to an instability. In these cases, one should generalize the Thiele approach to include extra degrees of freedom, see, e.g., Refs. [85] . In frustrated magnets with weak dipolar or spin-orbit interaction, for example, the motion of skyrmions can excite the internal precession of spins which in turn affects the skyrmion coordinate [85] . Here a promising direction is to actively use the internal excitations to control the skymion motion. An oscillating magnetic field can, e.g., induce via a ratchet-like mechanism a form which leads to a motion of skyrmions [86, 87] . Another opportunity is provided by the recent observation of skyrmions in inversion symmetric systems [88] . In the presence of inversion symmetry, skyrmions with opposite helicity, i.e., left-handed and right-handed skyrmions are exactly degenerate and one can use this internal degree to store information. For ultrasmall skyrmions in magnetic insulators also quantum effects may become important and it is possible to entangle the motional degree of freedom with internal degrees of freedom [89] . Especially interesting in this context is the quantum tunneling of skyrmions to antiskyrmions in frustrated magnets which can delocalize quantum skyrmions [89] .
Advances in science and technology to meet challenges
To unravel the forces governing skyrmion dynamics is a challenge which can only be met by careful experiments and their comparison with theory. Here the main difficulty will be to distinguish between intrinsic forces (e.g., due to scattering from thermal magnons) and extrinsic forces (arising, e.g., from defects). Ideally, the question can be studied in ultraclean systems with single skyrmions whose positions can be measured, e.g., by electron microscopy or other techniques to image skyrmions. Equally important are systematic experimental and theoretical studies on the pinning of skyrmions both by single defects and a finite density of defects. In both cases the effects of thermal fluctuations will be important. On the theoretical side, it will be interesting to use field-theoretical techniques to investigate which thermal effects can and which cannot be described by numerical simulations of stochastic Landau-Lifshitz Gilbert equations. A classical description may fail in situations where classical physics predicts that modes with frequencies larger than k B T / contribute (which, for example, is the case for the thermal blackbody radiation).
Concluding remarks
Treating a skyrmion as a point particle is an extremely useful concept and the basis for most theories discussing the dynamics of skyrmions. Obtaining a quantitative understanding of the forces arising from damping, deformations of the skyrmion, from currents and, especially, short and long ranged defects has to be a central goal of the field of skyrmionics. Internal degrees of freedom provide further opportunities to manipulate and control skyrmions and to realize new types of functionalities.
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Status
Theoretical investigations on skyrmionic systems using first-principles electronic structure methods on the basis of density functional theory already contributed in an indispensable way to the insight concerning their formation, stability and properties.
On the one hand side, reliable computational schemes are now available to calculate the necessary input parameters for subsequent simulations using a variety of statistical methods. Inclusion of spinorbit coupling (SOC) within the underlying electronic structure calculations allow not only to calculate the isotropic exchange coupling parameters entering the classical atomistic Heisenberg Hamiltonian but also the magnetic anisotropy and Dzyaloshinskii-Moriya interaction (DMI) parameters of its extended version.
The same holds for the corresponding coarse grained micro-magnetic parameters entering the Landau-Ginsburg free energy used as an effective Hamiltonian for the continuous magnetization field m(r). This way a firm basis e.g. for subsequent Monte Carlo simulations is provided that lead in particular to realistic phase diagrams of two-and three-dimensional systems [90] .
Spin-dynamics simulations on the basis of the Landau-Lifshitz-Gilbert (LLG) equation in addition have to account for dissipation processes represented by the Gilbert damping parameter. Again numerical schemes have been developed during the last decade for its reliable calculation [91] .
Due to various developments made in related fields during the last two decades first-principles methods not only provide indirectly to the understanding of the formation and stability of skyrmionic systems but also of their physical properties that are of central importance for any type of application. The current driven Skyrmion dynamics for example depends on the current induced spin-orbit torque (SOT) and spin transfer torque (STT) as well as the spin Hall effect (SHE). Efficient and reliable schemes to calculate the linear response quantities describing these and related phenomena as for example the anomalous Hall effect (AHE) for suitable reference systems are available nowadays. This holds for any intrinsic as well as extrinsic contribution to these response quantities [92] . Corresponding calculations with and without SOC allowed in particular to decompose the response quantity into its SOC-and topology related contributions with the later one connected to a non-collinear spin configuration [93] . In this context, one has to stress that with the Berry phase and corresponding curvature a powerful concept is available that links the intrinsic contribution of the various response quantities among each other as well as to the underlying electronic structure [10] .
Because of the large size of a single skyrmion most first-principles investigations had to be restricted so far to suitable reference systems. Only in few cases very small two-dimensional skyrmions have been investigated up to now using a periodic super-cell or embedding technique, respectively.
Current and future challenges
In spite of the progress made concerning the firstprinciples calculation of the various parameters needed for subsequent statistical simulations there are still a number of limitations to be removed. Concerning the exchange coupling including the DMI it was already demonstrated by various authors that it is in general important to go beyond the standard bilinear pair interaction expansion that is often restricted to nearest neighbors to obtain accurate results for skyrmionic systems. Moreover, the extension of the Heisenberg Hamiltonian by adding higher-order multispin interaction terms can lead to new physics, e.g. to the stabilization of a skyrmion lattice without an external magnetic field [94] . As these parameters are always calculated for a reference system -often in a ferromagnetic configuration -it is important to have the reference system as close as possible to the situation of the real skyrmionic system of interest. This implies in particular that the non-collinear spin structure as well as the impact of a finite temperature should be accounted for when calculating interaction parameters. This applies the same way for the Gilbert damping parameter [95] .
Another great challenge is the realistic calculation of response properties. Concerning chirality-driven transport properties for example, one should stress the topological contribution; e.g. the topological Hall effect (THE) in case of the AHE. Contributions of that type may be rather pronounced as it was known from experiment and could be shown by first-principles calculations for artificial nanoskyrmion lattice [93] . This study reflects the size gap as a central problem when applying first-principles methods to skyrmionic systems; i.e. the difference between the large size of a real single skyrmion and the number of atomic sites that can be handled on a computer using super-cell or embedding techniques. This applies in particular when calculating response quantities as the torquance or spin conductivity related to SOT and SHE, respectively. Again inclusion of temperature and non-collinearity within such calculations is an important issue.
When dealing with spatially very extended skyrmions the rather slowly varying spin modulation justifies certain simplifications.
In particular the magnetic texture may be described in terms of emergent electrodynamics (see section 'Emergent Electrodynamics' by K. Everschor-Sitte) allowing to calculate the linear response quantities for a collinear magnetic state in the presence of an effective 'emergent' magnetic field. Obviously, the applicability of this approach should be further explored.
Advances in science and technology to meet challenges
Concerning the necessary extension of the Heisenberg Hamiltonian by higher order exchange interaction parameters various first-principles schemes have been suggested, focusing in particular on the chiral interaction terms. These are the so-called chiral biquadratic [96] as well as chiral three-spin and fourspin [97, 98] interactions that can be accounted for in future simulations.
To achieve at detailed description of skyrmionic systems of realistic size that may include in addition certain aspects of a device on a first-principles level the embedding technique seems to be most appropriate. In fact the first example to be found in the literature that investigates the influence of neighboring impurities acting as pinning or repulsive centers seems to be very promising [80] (see Fig. 11 ). Nevertheless, the underlying techniques have to be further optimized to close the mentioned size gap.
To include the impact of thermal phonons and spin fluctuations explicitly e.g. in terms of a corresponding realistic self-energy seems to be too demanding. The use of an adequate effective medium determined on the basis of the alloy analogy model that accounts in particular for the effective finite life time of an electronic state proved to be sufficiently accurate for bulk systems [91] . Combination of this technique with the embedding technique will allow to account for the impact of finite temperature effects when calculating exchange coupling parameters as well as response quantities in real space.
To calculate for example the THE for skyrmion systems via the emergent field approach, the diagonal and ordinary Hall conductivities have to be calculated for different spin channels in the presence of the effective magnetic field associated with the skyrmion magnetic texture. This gives access to the topological Hall resistivity via the expression ρ T yx = σ ↑ xy −σ ↓ xy (σxx+σyy) 2 [99] . This approach that gives very valuable insights into the mechanism behind the topological contributions should be complemented by direct calculations of the response quantities. To account for the impact of a non-collinear magnetic structure on the Gilbert damping, it may be expressed in terms of a wave vector dependent tensor α(q) expanded in powers of the wavevector q; assuming again a slow modulation of the magnetization.
The calculation of the expansion coefficients done within the framework of linear response theory [100] should again be complemented be studies on realistic skyrmion structures eventually done in real space.
Concluding remarks
Due to many fundamental as well as technical developments made during the last two decades DFT based investigations on skyrmionic systems will surely provide a more and more detailed insight into the properties of these fascinating systems. In particular the handling of large system sizes should allow in the future to investigate realistic structures including device aspects relevant for applications. The full dynamical behavior of such systems, on the other hand, will still have to be described using complementary coarse grained and statistical methods. Corresponding work, however, can be based now on system parameters calculated from first-principles accounting for all relevant aspects including spin non-collinearity as well as finite temperature.
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Status
Today spintronic devices play a major role in two distinct technologies for digital data storage [101] . On the one hand spin-valve magnetic recording read heads have allowed for massive increases in the storage capacity of magnetic hard disk drives (HDDs). HDDs, which are mechanical devices, still store the majority of the world's data today although there is strong competition from solid state drives (SSD) that offer significant advantages in terms of volumetric capacity and speed but are more expensive. Typically, computer systems have a complex hierarchy of data storage and memory devices that is designed to take advantage of the specific strengths of different technologies. On the other hand, spintronics offers the possibility of solid-state memories that have no moving mechanical parts. One of these, magnetic random access memory (MRAM), is a highly interesting memory technology that stores data as the direction of magnetization of a magnetic element. The magnetic element is designed so that there are only two directions of its magnetic moment that thereby correspond to a "1" and a "0".
Whereas early designs relied on the magnetic shape anisotropy of soft magnetic materials, today's designs rely on perpendicular magnetic anisotropy that is derived from interfaces that break symmetry and can give rise to large magnetic anisotropies. These magnetic bits are typically integrated into a crosspoint array memory architecture in which the magnetic bits sit between orthogonally positioned upper and lower metallic wires. For such an architecture the bits need to have significant resistance so that there is sufficient signal to detect them in a reasonable time: this precludes the use of metallic elements. The magnetic bits typically form one magnetic electrode of a magnetic tunnel junction (MTJ) that is composed of two magnetic electrodes separated by an ultrathin tunneling barrier. The resistance of such an MTJ depends on the relative magnetic orientations of the electrodes, whether the magnetizations are parallel or anti-parallel. The development of MRAM based on magnetic tunnel junctions was made possible by the discovery of very large room temperature tunneling magnetoresistance in devices that have body centered cubic CoFe or CoFeB electrodes separated by magnesium oxide (MgO) tunnel barriers [102] and the concept of spin transfer torque that enables switching of the state of the magnetic elements by using spin angular momentum derived torques from current passed through the elements [103] . Although the original concept of MRAM using MTJs dates from 1995 when DARPA funded a program to prove the possibility of such a concept and that the fundamental principle was realized in 1999 [104] , it has taken more than twenty years to realize MRAM with necessary properties for widespread applications beyond niche applications for which small scale MRAM chips with tiny capacities were earlier developed.
This history of the development of MRAM is typical of novel technological concepts, especially those that involve the use of new materials and physics, that can take several decades for their fruition. Turning to skyrmions, the subject of this article, the use of skyrmions for data storage clearly has its antecedents in Magnetic Racetrack Memory, a novel memory technology proposed by one of the authors in 2002 [105, 106, 107] . Unlike any other solid-state memory device under consideration today, this memory shifts magnetic data that is encoded in chiral magnetic domain walls, back and forth along magnetic nanowires, the magnetic racetracks. By storing many domain walls -perhaps a 100 or morein a single racetrack a very dense memory is possible. The potential is for a solid-state non-volatile memory device that could have storage capacities comparable to magnetic disk drives but that would have much greater performance, use much less energy and that would be much more compact.
The essential physics that underlies Racetrack Memory is that a series of magnetic domain walls can be moved together in the same direction along the racetrack when current is applied. The first demonstration of this principle in 2008 [108] used current that was spin-polarized from spin-dependent scattering within the magnetic material of the racetrack itself. Spin angular momentum is transferred from the current to the domain walls causing them to move. The maximum velocity of the domain walls was 100 m/s and was limited by the maximum current density that did not result in significant heating of the nanowire. Nevertheless, this speed was quite remarkable because it resulted in near complete transfer of the spin angular momentum from the current to the domain walls with little loss, via, for example, Gilbert damping to the lattice [108] . In these first studies the racetracks were formed from in-plane magnetized soft magnetic Ni-Fe-Co alloys. Similar velocities from such a volume spin transfer torque (STT) mechanism were later found in nanowires formed from magnetic multilayers of ultra-thin Co and Ni layers that exhibit perpendicular magnetic anisotropy (PMA). The PMA controls the domain wall width which is estimated to be as little as a few nanometers. In both these cases the direction of the domain wall motion is that of the electron flow, namely the flow of the spin angular momentum.
Over the past 5 years or so there have been some extraordinary advances in the physics of the current induced motion of PMA domain walls (DWs) via spin-orbit derived torques. Two essential ingredients are the formation of chiral Néel domain walls via an interface Dzyaloshinskii-Moriya Exchange Interaction (DMI) and spin currents generated by the spin Hall effect in metallic layers adjacent to the magnetic layers that form the racetrack. The spin-orbit torques are much more efficient than volume STT torques and allow for chiral DWs to be moved at several hundred m/s [109] , as shown in Fig. 1(a) . The final major development was the discovery of a giant exchange torque in synthetic antiferromagnetic (SAF) racetracks [110] . Such SAF structures solve a major problem that plagues nearly all magnetic nano-devices, namely the magnetostatic fields that they generate. As the size of a magnetic device shrinks to nanoscopic dimensions the magnitude of these fields increase and can give rise to significant interactions between neighboring devices. In racetracks the magnetic fringing fields from the DWs cause perturbations of their motion both within and between racetracks. SAF racetracks that are formed from a sandwich of two racetracks, placed one on top of each other, that are coupled via an antiferromagnetic coupling layer [111, 112, 113] , formed from a ruthenium layer that is just a few angstroms thick, as shown in Fig. 1(b) . Each domain and chiral domain wall in one layer is mirror-imaged in the second so that there is no net magnetization and so no fringing fields. This concept was first proposed by one of the authors [114] and was used in the very first spin-valve magnetic recording read heads introduced by IBM in 1997, without which structure the devices could not work. For SAF racetracks the antiferromagnetic coupling (AF) exchange field gives rise to a new mechanism to drive the domain walls so that DW velocities of 1 km/s are possible [110] .
Current and future challenges
There have been several proposals to replace the DWs in a racetrack with skyrmions or other related objects, some of which are discussed elsewhere in this review. To date, the current induced motion of individual skyrmions has only been demonstrated in racetracks that are nearly identical in structure to those discussed above with regard to chiral domain walls. A typical structure is an ultra-thin CoFeB ferromagnetic layer coupled to a heavy metal such as Pt or W: the interface generates a DMI as well as providing PMA, as shown in Fig. 1(c) . The interfacial nature means that the magnetic layer must be very thin. Simplistically, the skyrmions that are observed in such systems can be considered as a pair of chiral domain walls and the current driving mechanisms are very similar to those of the individual DWs except that the topological charge of the skyrmion causes them to move partly sideways perpendicular to the current flow direction. This makes their use in racetracks challenging.
Interest in skyrmions for racetrack memory data bits was originally based on the observation that bulk skyrmions in the single crystalline B20 compound MnSi could be moved with very low current densities [9] , orders of magnitude below the critical current density above which chiral DWs can be moved with spinorbit torques. It is an inevitable consequence that these very low current densities also correspond to very slow motion of the skyrmions. For some applications of racetrack memory, for example, to replace vertical NAND flash memories, small current densities may be advantageous and the consequent slow motion of the magnetic bits might be acceptable. In any case the ability to be able to vary performance and to trade off energy with speed in racetrack devices is very attractive.
As discussed in Tokura et al several types of bulk skyrmions, both Bloch and Nel, have been discovered in various materials as well as, more recently, antiskyrmions in an inverse tetragonal Heusler compound [7] . Each of these objects has distinct properties that could make them of interest for various device applications. Anti-skyrmions are of special interest in that they are innately stable spin textures [115] . To date no current induced motion of anti-skyrmions has been demonstrated but, theoretically, the motion under spin-orbit torques is more complex than for skrymions. The latter move sideways when current is applied, as mentioned above, but anti-skyrmions are predicted to move in straight lines or to the left or to the right when excited by spin-orbit torques, depending on the current direction relative to the complex wall structure of the anti-skyrmion. Whilst this is potentially of use this means that if the racetrack is formed from polycrystalline material the motion of an anti-skyrmion in each grain could be in different directions. Moreover, it is not clear that there wouldn't be a considerable barrier to the passage of the antiskyrmion from one grain to the next since the antiskyrmion's structure is directly tied to the underlying crystal lattice. This is a very interesting question and possible challenge to the use of anti-skrymions for racetrack memory devices.
Most studies to date on skyrmions for racetracks have been simulations of their current induced motion or have focused on very large skyrmionic bubbles that can be detected optically via the magneto-optic Kerr effect. A major challenge is to scale racetracks to dimensions that would make them technologically relevant (this is also a challenge for domain wall based racetack devices). This means exploring the motion of skyrmions in racetracks that are perhaps 20-50 nm wide and where the skyrmions themselves are just 20 nm in diameter and spaced similarly. The challenges lie in developing racetrack devices at these dimensions and, in which, devices for both writing and reading the skyrmions are integrated into the racetracks. This is clearly not easy and is much more difficult than the detection of chiral domain walls for several reasons. Firstly, the domain walls are straight and secondly, the domains with opposite magnetizations between the DWs can be detected, whereas for skyrmions, their boundaries are curved and the difference in magnetization between their interior and their exterior is much smaller. The detection of skyrmions is likely possible via integrated magnetic tunnel junctions but it is not easy to fabricate such magnetic tunnel junctions nor to create them with sufficient signal to differentiate individual skrymions.
It is clear that zero moment skyrmions akin to SAF chiral domain walls are needed in order to avoid interactions between the skyrmions via dipole fields. For skyrmion bubbles it is, of course, obvious that the concept of the SAF racetrack is directly transferable by simply replacing an SAF DW with an SAF skyrmion, as shown in Fig. 1(d) . For bulk skyrmions, similar concepts are possible. Another possibility is to tune the magnetization in the host compound to zero: this would be possible, for example, in ferrimagnetic host materials, such as inverse tetragonal Heusler compounds that host antiskyrmions [116] . It was shown possible some time ago to switch the magnetization of a ferrimagnetic layer whose magnetization is zero by current by relying on sub-lattices with distinct interactions with the current [117] . Recently it has similarly been shown that domain walls can be moved by current even when the magnetization of a ferrimagnetic racetrack formed from a Co-Gd amorphous alloy is zero [118] : indeed the domain wall velocity was shown to be largest not when the magnetic moments of the Co and Gd sub-lattices are equal (and opposite) but rather when their angular momenta are exactly compensated.
Other major challenges include understanding how to overcome pinning of skyrmions at defects or at edges of racetracks, and to ensure sufficient thermal stability of skyrmions at dimensions that are useful over long periods of time (10 years for useful devices). Low current densities at which skyrmions move means that they may be unstable to thermal fluctuations so that mechanisms to trap the individual skyrmions are needed. Whilst it is straightforward to envisage trapping of skyrmions in large devices, for example, by forming notches or anti-notches, this is very difficult to achieve in 20 nm sized objects. 
Advances in science and technology to meet challenges
To date most studies on bulk skyrmions have focused on single crystals or on lamellae cut from these crystals by focused ion milling techniques. Major advances in preparing thin films of these host compounds are needed. It is very likely that films prepared on amorphous or polycrystalline layers will be needed: thus, the development of novel techniques, such as the recent development of chemical templating layers [119] for preparing thin layers of Heusler compounds as thin as only one unit cell, are needed.
Another technological area where advances are needed is in suitable computer architectures that can take full advantage of, especially, racetrack memories. Today's computer architectures are not used to the data itself being movable from one location to another. This leads to very interesting questions for racetrack memories that would allow for the dynamic tradeoff between density and performance by restricting or limiting the number of chiral domain walls or skyrmions in a single racetrack.
The use of accelerated materials discovery techniques to identify new materials that may host various types of skyrmions is very interesting. Advances in calculating equilibrium and metastable magnetic ground states in complex compounds in which spin-orbit coupling effects are key are needed.
Other areas of interest include 2D materials that can be exfoliated and 2D heterostructures that combine 2D magnetic layers with, for example, ferroelectric or anti-ferroelectric layers. Engineered multi-ferroic structures could be important for creating and manipulating skyrmions by the use of electric fields rather than by currents. In this regard the possibility of creating and manipulating skyrmions using optical means is very interesting but will require major advances in photonic engineering to allow onchip light sources.
Concluding remarks
The family of non collinear chiral nano-objects continues to expand with an increasing number of skyrmion and anti-skyrmion objects with distinct properties depending on the symmetry of the host material. These objects have extraordinary properties that make them of great scientific interest. The roadmap to technological applications is very challenging with the need to develop devices that are perhaps just 10-20 nm in size, in which the skyrmions can be both written and read, in which the skyrmions do not interact with one another, and in which they are sufficiently thermally stable. When these challenges are solved chiral noncollinear spin textures could herald the dawn of new all solid-state spintronic memory-storage devices that would have storage capacities, performance and reliability that go well beyond today's technologies.
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Epitaxial thin films derived from bulk materials hosting skyrmions
Theodore L. Monchesky Dalhousie University
Status
In thin films, the Dzyaloshinskii-Moriya Interaction (DMI) that gives rise to skyrmions is produced either by broken inversion symmetry from the interface or by inversion asymmetry in the bulk of the film, or both. Interfacial DMI enables the use of common centrosymmetric ferromagnets such as Co to be employed, see section (Skyrmions in multilayers and tailored heterostructures -A. Fert et al.) . Such systems require relatively complex precious-metal multilayers, and their magnetic properties are averaged across the film stack. On the other hand, chiral magnets that derive their DMI from bulk inversion asymmetry require only one single layer and may prove to be more resilient to skyrmion annihilation through sample edges. The major challenge with this second class of material is to find a way to prevent crystallographic grains with both left and right-handed chirality from forming when deposited on centrosymmetric substrates -an essential requirement for applications such as racetrack memories. Of all the currently available chiral magnetic films fabricated from materials that host skyrmions in bulk crystal, the vast majority of films are from the archetypal B20 family. The B20 silicides and germanides are well lattice matched to Si(111) and grow well on these technologically relevant substrates, but can also be grown epitaxially on MgO and SiC(0001). Numerous examples exist in the literature, including MnSi, Fe x Co 1−x Si, FeGe, Fe 1−x Co x Ge, Fe 1−x Mn x Ge and MnGe (see references in [120] and [121] ). High quality films on large area substrates create the possibility to explore the influence of anisotropy and finite size effects on chiral magnets. Anisotropy provides an important mechanism for increasing the skyrmion stability, which is enhanced along the easy direction, or in an easy-plane, but is reduced along a hard-axis or in a hard-plane relative to the competing cone phase [122] .
Finite size effects arise from the presence of DMI in the zero-torque boundary conditions, which creates surface states that decay into the bulk of the film on a length scale set by the helical wavelength, L D and the applied magnetic field [123] .
Onedimensional surface twists first were first observed in polarized neutron reflectometry measurements in the field induced ferromagnetic state of MnSi/Si(111) [122] . These twists produce a confining potential for skyrmions that is crucial for devices, since film edges remove the skyrmions' topological protection [123] . Micromagnetic calculations show that the surface states produce a cross-over in the magnetic behaviour for film thicknesses below approximately 8L D , where skyrmions are stabilized over a large portion of the phase diagram [124, 125] . This provides a natural definition for what is considered a thin film in the case of a chiral magnet.
Current and future challenges
Despite numerous examples of high-quality films, there exists disagreement over the magnetic structure of these materials. In the case of MnSi, Si (111) and SiC(0001) substrates create a hard-axis anisotropy that reduces the skyrmion stability relative to the cone phase along the axis. Whereas the magnetometry measurements shown in Fig. 13 , and Lorentz transmission electron microscopy measurements find the cone phase as the sole thermodynamically stable state along this axis, anomalous features appear in the Hall effect measurements in this region of the phase diagram. Nonadiabatic spin transport through the cone phase provides an interpretation that reconciles these observations that is also consistent with bulk measurements (see references in [126] ). However, muon-spin rotation experiments add to the debate by demonstrating that the spin-textures are more complex than a simple cone phase in this same region of the phase diagram [127] , possibly due to the magnetic textures at the grain boundaries. For in-plane magnetic fields, polarized neutronreflectometry finds low temperature discrete helicoidal states, and a highly disordered in-plane skyrmion state at higher temperatures, as shown in Fig. 14. This is supported by small-angle neutron scattering (SANS) Figure 14 .
(a) Magnetic phase diagram for a 26.7 nm = 1.92 L D thick MnSi(111) film grown on Si (111) . The magnetic field is applied in the plane of the film. The phase boundaries shown by the circles are determined from peaks in the static magnetic susceptibility. White (black) circles are for increasing (decreasing) magnetic fields. The squares correspond to transitions determined from minima in dM 2 /dH 2 for increasing fields. The magnetic phases are identified by PNR and SANS. Micromagnetic calculations of the film show a disordered arrangement of short skrymions (b), and a helicoidal phase (c). Adapted from Ref. [120] .
[120] from a stack of 8 films, but is not observed in a glancing-incidence SANS measurement of a single film [128] . Interpretation of the electron transport measurements are at odds with the phase diagram derived from neutron scattering [129] , which call for further theoretical investigations of the planar-Hall effect.
Discrepancy also exists for FeGe. Although sputtered FeGe/Si(111) thin films show an easy axis anisotropy and thin films grown by molecular beam epitaxy show a hard axis anisotropy, both give a large anomalous Hall effect signal attributed to the presence of skyrmions (see reference in [121] ). More surprising is the signal for Fe x Co 1−x Ge that is much larger than expected theoretically [121] . However, there are to date no reports of direct observations of skyrmions in either FeGe/Si (111) or FeGe/MgO(001): neutron scattering [130] and resonant x-ray magnetic scattering [131] find no evidence of a skyrmion lattice phase, and muon-spin rotation does not show signatures of complex magnetic textures in FeGe/MgO(001) [131] .
Advances in science and technology to meet challenges
Further microscopy measurements are needed in order to sort out the magnetic structure of the interfaces and the complex grain boundaries. The recent advances in 3D magnetic tomography may be helpful to shed light on this difficult issue and reveal what influence surface states such as chiral bobbers [124] may play in the observed electron transport phenomena.
One of the immediate challenges for chiral epitaxial films is the stabilization of samples with a single chirality. To address the influence of strain and misfit dislocations, B20 films could be grown on bulk B20 single crystals. A large range of lattice mismatch is in principle possible in the large B20 family.
For applications, however, the skyrmion materials need to be grown on common semiconducting substrates. The fact that the most commonly available substrates are centrosymmetric poses a significant challenge: an enantiomorphic grain structure in the films is unavoidable without some additional symmetry breaking at the substrate interface, such as with a chiral surfactant or perhaps carefully prepared vicinal surfaces.
The discovery of skyrmions in other crystallographic points groups creates new opportunities to address the challenges in epitaxial systems. Antiskyrmions are observed in bulk crystals of Mn 1.4 PtSn (D 2d point group), and recently have been grown in thin film form on MgO substrates [132] . This inverse Heusler alloy may be only the first of a large class of new skyrmion materials that have yet to be stabilized in epitaxial form. Unlike the B20 family, these materials are not enantiomorphic. The challenge to grow epitaxial inverse Heuslers, however, will be to avoid twinning from a 90 • relative rotation of (001) grains about the [001] direction. In polar crystals with C nv point group symmetry, such as GaV 4 S 8 , the broken inversion symmetry that produces the DMI derives from the stacking of the atomic layers along the [111] direction, analogous to Pt/Co/Ir multilayers. This nonenantiomorphic class of crystals may prove to be the most resilient to the formation of chiral defects and may have distinct advantages for application.
Concluding remarks
The impact of misfit dislocations and chiral grain boundaries on spin textures remain important questions to resolve for the B20 epitaxial films. An understanding of these issues is important in order to obtain a better understanding of how defects influence skyrmion nucleation and stability. Important for the development of future skyrmion devices will be the discovery of single crystal epitaxial films with a high-Curie temperature, T C . It will be necessary to find new epitaxial systems outside of the B20 family with higher T C and where the chirality of the film structure can be more easily controlled. 
Acknowledgements
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Status
Studies of the magnetic properties in spin glasses revealed that chiral magnetic interactions between neighboring spins can play a key role in metallic based systems. Extending the 3-sites RKKY model to bilayer systems, it has been predicted [133] that a large Dzyaloshinskii Moriya interaction (DMI) should be present at the interface between a magnetic film and a heavy material with large spin-orbit coupling. The pioneer works on surface magnetism in various model thin films realized in the 2000s by SP-STM confirmed this prediction with the observation of spin spiral states induced by a large DMI and ultimately of a skyrmion lattice phase in one monolayer of Fe on Ir (111) [94] . The investigation of magnetic skyrmions in such ultrathin epitaxial films represents a fundamental interest but are hardly relevant for the observation and then the use of skyrmions at room temperature (RT).
For this purpose, the best solution up to now seems to increase the effective magnetic volume by using multilayer stacks composed of multiple repetitions of thin magnetic metal layers separated by heavy metal nonmagnetic layers grown by sputtering deposition (figure 15(a) ).
This approach enables the increase of the thermal stability of columnar skyrmions, that are coupled in the successive layers, leading to the recent observation of sub-100 nm skyrmions stable at RT in different multilayer systems [134] [135] ].
Another advantage of the multilayer approach is that it offers multiple opportunities to finely tailor the skyrmion characteristics, e.g. by changing the material combination (magnetic metals, heavy metals, ferroelectrics), by tuning the different interactions or by varying the number of repetitions in the multilayers. Initially randomly created using sweeping of a perpendicular field, often at a defect position, skyrmions in multilayers can be created by spin transfer torques and thermal effects induced by current pulses near constrictions, as in figure 15 (b) [136] or local current injector. Recently, Hall resistivity measurements (mostly Anomalous Hall Effect, AHE) was used to electrically detect single sub-100 nm skyrmions [137] ( figure 15(c) ). Finally, these skyrmions are moved using spin-orbit torque associated to spin Hall effect [51] ( figure 15(d) ), with velocities up to 100 m/s for current densities in the range of a few 10 11 A/m 2 . 
Current and future challenges
Up to now, a large dispersion of skyrmion sizes has been found from less than 100 nm [134] [135] to a few µm [33] even if the multilayer structures only slightly differ. Actually, the skyrmion size depends on the balance between the magnetic interactions: DMI, exchange, anisotropy, interlayer dipole fields (related to magnetization with additional effects of the number of repetitions in case of multilayers [138] ). A future challenge is to refine the material and interfacial properties to reach the best compromise for achieving the desired skyrmion properties in terms of size, 3D shape, stability and mobility at low current density. Further efforts on material science are also necessary to reduce the influence of grains and/or local material inhomogeneities on the actual skyrmion shape. This perturbation is found to be particularly important when grains and skyrmions are of similar sizes, which is often the case in todays multilayer. Concerning the nucleation of skyrmions, the next challenge is a better control leading to a deterministic nucleation both in space and time. In pursuing this aim, the exploration of other mechanisms such as vertical injection of pure spin current [139] or vertical electric field [140] are promising techniques. Also it is predicted that the topology of the magnetization distribution should give rise to an additional effect, the Topological Hall Effect (THE). However, in metallic heterostructures, a clear physical picture did not emerge yet and it is difficult to conclude whether this THE effect exists or not as it is extremely difficult to single out from the predominant more standard AHE. Moreover, the scaling of THE for skyrmions down to 10 nm is unknown. Finally, the improvement of the spin torque induced motion of skyrmions probably remains the largest challenge as the interaction of skyrmions with the defects and inhomogeneities in today structures impedes linear motion and large disparities between skyrmions velocities are observed. Another challenge, related to skyrmion topology is the so-called Skyrmion Hall Effect (SkHE) leading to a generally undesired oblique motion particularly in 1D devices such as racetracks.
Advances in science and technology to meet challenges
Reducing the skyrmion diameter down to 10 nm or less requires further improvements of the engineering of the multilayer properties, and particularly of the control of the interlayer dipolar field effects that can even lead to layer-dependent size and chirality of the skyrmions in terms of CW, CCW, Néel, or Bloch-like rotation of the magnetization through the skyrmion diameter [138] ( figure 16(a) ). Key advances for size reduction and improved mobility are anticipated from analytical modelling considering all the magnetic interactions in heterostructures, including interlayer RKKY interaction allowing the development, beyond ferromagnetic heterostructures, of synthetic ferrimagnetic and synthetic antiferromagnetic (SAF) multilayers. The observation of such ultra-small skyrmions and their 3D shaping will require sophisticated X-ray based techniques (i.e. magnetic holography, tomography, etc.), advanced electron microscopy and NV center microscopy to characterize the 3D magnetization textures, possibly with compensated magnetization. On the material side, targeting systems with reduced magnetization to decrease dipolar fields, ferrimagnetic transition metal-rare earth alloys have recently been used allowing the RT stabilization of skyrmion in the 20 nm range [141, 142] . Pushing further this strategy, heterostructures including a Ru layer to induce a RKKY antiferromagnetic coupling between the magnetic layers allow cancelling the detrimental action (increase of diameter, hybrid texture, ...) of the interlayer dipolar fields. In such systems in which antiferromagnetic skyrmions have been observed [143] the interfacial DMI becomes again the key parameter for the control of size and stability. Interestingly, it has been recently discovered that large DMI are not only found at interfaces with heavy metals, but also with graphene or oxides, which further opens the field of possible heterostructures. Another great interest of SAF multilayers is that the SkHE should be opposed in layers of opposite magnetization, thus resulting in a purely longitudinal motion probably desirable in future devices ( figure 16(b) ). The improvement of the materials will involve the use of multilayers having much less defects, such as amorphous layers or crystalline systems, as well as materials with larger efficiency than heavy metals for the production of spin current, e.g. Rashba interfaces and/or topological insulators. Precise creation of skyrmions by current near local sources of inhomogeneity requires the development of technologies (FIB, ion implantation, etc.) allowing the introduction of local defects or nanoconstrictions. The detection of skyrmions should be extended to smaller sizes by improvement of AHE techniques or detection by vertical structures. Concerning the THE, a better understanding should be obtained in models going beyond the adiabatic limit.
Concluding remarks
The strategic choice made a few years ago of exploiting the interfacial DMI in multilayers to stabilize isolated skyrmions at room temperature has paid off. Moreover, in only a couple of years, a concerted effort from several communities allowed to demonstrate the three basic functions required for any types of skyrmion devices: nucleation, manipulation and detection. Furthermore, a specificity of skyrmions in multilayers is the possible modulation of their properties, size or chirality, throughout the heterostructure composition.
Beyond such 3D skyrmions, using novel 3D topological spin textures such as bobbers or hopfions could provide some promises, unexplored yet, towards 3D devices. Also interesting, the skyrmions can be used as interacting particles in 2D systems. Leveraging on this unique behavior, several conceptual skyrmion devices have been proposed, such as reconfigurable magnonic crystals ( figure 16(c) ) and probabilistic devices ( figure 16(d) ).
Finally, all these recent advances change the status of skyrmions from being an intriguing topological spin texture to one of the most promising nanoscale micromagnetic particles ready to shake up many technologies. 
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Status
Magnetic skyrmions are stabilized by the Dzyaloshinskii-Moriya interaction (DMI), which imposes a unique rotational sense on the spin texture. The requirement for the occurrence of the DMI of broken inversion symmetry is fundamental to all surfaces and interfaces. The first examples of interface-induced magnetic skyrmions were in model-type systems of highly ordered epitaxially grown atomic layers on single crystal surfaces [94, 32] . Skyrmions in such systems range from less than 3 nm [94, 144, 145] over about 50 nm [146] to approx. 200 nm [147] in diameter. Real-space spin-polarized scanning tunneling microscopy (STM) experiments together with ab-initio calculations have provided a very good understanding of the relevant energies and ground state formation mechanisms [94, 32, 146, 148] . In addition to systems with properties that can be described by micromagnetic theory [145, 146] , as most bulk-DMI samples, also other systems have been found where exchange interactions between more distant atoms play a role [94, 148] . In those cases the pairwise Heisenberg exchange can act together with the DMI to favor non-collinear states over the ferromagnetic state.
The advantage of atomic layer model systems is that the fundamental properties of skyrmions, e.g. magnetic-field dependent size and shape, can be extracted and directly compared to results from theory [145] . In addition, exploiting the high spatial resolution of STM together with an energy-resolved density of states measurement, it is possible to disentangle different magnetoresistive effects: it has been shown that in addition to a contribution to the Hall effect in lateral transport, a localized non-collinear magnetic texture shows a different signature also in vertical tunnel magnetoresistance measurements [146, 149] .
An important aspect regarding applications is a controlled switching between the topologically distinct states of a skyrmion and a local ferromagnet, i.e. to write and delete skyrmions, and different dominating mechanisms have been found experimentally in atomic layer model systems: a tunnel electron induced mechanism has been realized for skyrmions pinned to atomic defects [32] , whereas for a different sample system a highly deterministic electric field driven switching has been demonstrated [140] .
Current and future challenges
Various proposals have been put forward how to exploit skyrmions in different types of applications ranging from data storage in the racetrack, via logic circuits, to concepts utilizing skyrmion assemblies in two-dimensions. Challenges on the fundamental level include the profound understanding of different mechanisms to manipulate and control individual magnetic skyrmions in terms of switching (i.e. writing and deleting) and lateral motion. Furthermore the details of skyrmion interactions with neighboring skyrmions, with boundaries of a magnetic structure, or with defects needs to be understood to facilitate different functionalities by either avoiding effects like pinning, or utilizing them for designated features of a device. Along these lines also an experimental demonstration how to merge or duplicate skyrmions in a controlled fashion is lacking.
Model-type systems such as atomically thin magnetic layers provide a platform to gain a fundamental understanding of the physics of magnetic skyrmions. However, it is not a priori clear that it is directly transferrable to more applied systems, where the interfaces may be subject to roughness and intermixing. In addition magnetic properties also depend on the structural order within the magnetic film, i.e. the degree of strain or disorder. Again, such effects may be either detrimental to a proper functioning of a device or can be exploited to fine-tune magnetic properties when there is sufficient knowledge how the spin texture is affected.
Finally, antiferromagnetic skyrmions have been identified as promising building blocks for spintronic applications due to the absence of deflection under lateral currents, a vanishing magnetic strayfield, and the expected fast dynamics. In principle antiferromagnets constitute a large material class that might host antiferromagnetic skyrmions, however, up to now no experimental observation of antiferromagnetic skyrmions has been reported.
Advances in science and technology to meet challenges
The experimental toolbox to characterize nanometerscale skyrmions or antiferromagnetic skyrmions in atomically thin layers is still limited: techniques that achieve spin-sensitive measurements with a resolution down to the atomic scale are spin-polarized STM and exchange force microscopy. For larger skyrmions also other techniques with a resolution on the order of 10 nm are applicable, like spin-polarized low energy electron microscopy [147] , magnetic force microscopy [137] , or scanning transmission X-ray microscopy [150] ; the first one usually requires ultra-high vacuum conditions and (a) Schematics of electric field (E) induced switching and tunnel current (e − ) detection of the magnetic state using a planar tunnel junction with a non-magnetic (yellow) electrode; the E writes or deletes a skyrmion in the magnetic film depending on the direction, and due to the non-collinear magnetoresistance the tunnel current is different for a collinear and a non-collinear magnetic configuration (red: ferromagnetic, blue: skyrmion interior). (b) Sketches of magnetic skyrmions in a PdFe bilayer on Ir(111) [32, 149] at two different magnetic field values (B) as indicated (colored according to the out-of-plane magnetization component, each cone represents an atom and points in the direction of its magnetic moment); corresponding differential conductance maps (gray scale) obtained with a non-magnetic tip, where the signal is a measure for the local non-collinearity of the skyrmion spin texture; note that the position of largest non-collinearity (darker) shifts from the in-plane region for larger skyrmions (smaller |B|) to the center for smaller skyrmions (larger |B|). single crystals, and the last one the growth of the magnetic film on a membrane.
A fundamental understanding of skyrmioninc systems can be achieved by the synergy of experiments and calculations for the same system. Ab initio calculations can tackle model systems of atomically thin magnetic layers on single crystals and derive the relevant magnetic interactions and energies [94, 146, 148] . This can be used as input for simulations to directly compare results for, e.g., skyrmion emergence, switching, stability, and current-induced motion to experimental findings. In this way the parameter space for different physical mechanisms can be identified. In an attempt to make predictions for more applied sample systems theory is trying to mimic disorder and intermixing to understand the impact on the magnetic properties.
There have been advances in the electrical detection of single magnetic skyrmions without the need for high spatial resolution via Hall measurements [137] , however the origin of the signal is still under debate. The non-collinear magnetoresistance, as found experimentally with STM for a model system [149] , see Fig. 17(a) ,(b), has not been singled out in spatially averaging magnetoresistance measurements. On the contrary, the concept of electric field induced switching of magnetic skyrmions demonstrated for a model system using the tip of an STM [140] , see Fig. 17(a) ,(c), has been transferred to a planar insulator in contact with a magnetic film and an influence of the electric field on the magnetic state has been shown [151] .
Concluding remarks
Regarding possible future skyrmionic devices the study of atomically thin magnetic films is important for an understanding of the fundamental properties of skyrmions on a microscopic scale. A fine-tuning of the magnetic properties of a material can be guided by such investigations and model-type systems facilitate the discovery and detailed understanding of novel physical mechanisms which are expected to advance the field. For instance the combination of all electrical detection of skyrmions with vertical tunnel currents and an electric field driven writing and deleting of skyrmions could be used in a single read/write head, see Fig. 17(d) , in future skyrmion-based devices.
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Status
To boost the application of magnetic skyrmions in information technology, it is essential to thoroughly understand both static and dynamical behaviors of skyrmion in various nanostructures with sizes comparable to skyrmions. Nanoribbons and nanowires can be used as a prototype of skyrmion-based racetrack memory [152] , and nanodisks can be potentially used as skyrmion-based nano-oscillators [153] , as discussed in details by Prof. Stuart Parkin. In these geometries, extra magnetic anisotropy at the surface and skyrmionedge interactions become important due to large surface-bulk ratio, and long-range dipolar interaction between magnetic moments also plays a significant role. As a result, skyrmion textures therein can exist even in the absence of external magnetic field, in contrast to bulk samples. Other exotic topological spin textures, such as bobbers and hopfions [154, 155] , will also emerge.
There have been extensive investigations of skyrmions dynamics driven by external stimuli, such as electric current, in bulk samples. However, nontrivial topology of skyrmion induces a transverse motion, dubbed as the skyrmion Hall effect [156] , and a collision between skyrmions and the edge is thus inevitable in confined geometries. Due to the missing spins across the sample boundary, magnetic moments form a chiral edge mode with opposite rotation sense as the skyrmions therein, so the interaction between skyrmions and the boundary is highly nontrivial. On the other hand, the constricted geometry provides possibility to create individual skyrmions. As an example, sending a current through a notch in a nanoribbon, a single skyrmion can be generated [157] . That is fundamentally attributed to the chiral edge state. Topological charge around the notch is nonzero even at zero field, so that skyrmions can be easily nucleated.
The same scenario applies to ultranarrow nanoribbons [158] . At zero field, helices are formed with their wave vector pointing along the ribbon. On the upper and bottom edges, helical stripes connect to the edge spin state and form local distribution of the topological charge ( figure 18(a) ). Therefore, confined geometry provides a platform for investigating nontrivial topological textures and opens many opportunities to manipulate skyrmions.
Current and future challenges
Studying skyrmions in confined geometries faces both experimental and theoretical challenges. Most skyrmions of interests have a size of sub-100nm, so that confined geometry reveals its unique feature only when its size is on the same scale.
An advanced nanostructure fabrication is thus required, which can be achieved by lithography and etching technique based on high quality skyrmion thin films, or directly use focused ion beam for bulk crystals although an intricate receipt is needed. Imaging skyrmions and resolving fine spin structures in these nanostructures are also extremely difficult. Lorentz transmission electron microscope (TEM) is broadly used for nanometer magnetic imaging. However, at the sample boundary, the sudden drop of electrostatic potential leads to strong Fresnel fringes and give rise to artificial magnetic contrast across hundreds of nanometers. It is thus difficult to differentiate the true spin textures from these artifacts. Other than the spatial resolution, reaching high temporal resolution and tracking the motion of skyrmion in nanoribbons will be a milestone of the field. A skyrmion velocity of 100m/s requires a temporal resolution of nanoseconds in order to monitor the motion of a 100nm-size skyrmion. Recent advances of time-resolved pumpprobe X-ray microscopy has been used to study skyrmion in thin films [159] . Extra effort will be paid to push its spatial resolutions.
Numerically, modeling skyrmion dynamics requires high performance micro-or atomistic magnetic simulation with dipolar interaction and possibly extra surface interaction taken into account. It was recently suggested that the interaction between the skyrmion and sample edge is not always repulsive, but can be attractive due to the background spin configurations. Therefore, integration between the dynamic simulation and the study of phase diagram in confined geometry is important. The experimental discovery of target skyrmion in a FeGe nanodisk of finite thickness indicates the importance of three-dimensional (3D) confinement [160] . Further simulations and experiments need to be done. However, 3D magnetic simulation becomes unexpectedly heavy due to rapid increase of sampling size and the existence of many competing configurations, and resolution of 3D spin textures call for advanced tomography techniques.
All-electric detection of skyrmions is another direction worth pursuing. In confined geometries, finite number of skyrmions can lead to quantized magnetoresistance, as recently discovered in MnSi nanowires and Pt/Co/Pt nanodisks [161, 162] . Attempts of using tunneling magnetoresistance to characterize skyrmions will be high rewarding from the device application perspective. shows two jumps at the skyrmion phase, corresponding to change of skyrmioin numbers therein. Reproduced from Refs. [158, 161] 
Advances in science and technology to meet challenges
High resolution imaging of skyrmions in nanoribbons and nanodisks have been enabled already by Lorentz TEM. An amorphous Pt layer coated at the edge was employed to successfully reduce the boundary Fresnel fringes in these nanosized samples [158] . In the FeGe nanoribbon with width down to 130nm, the chiral edge spin state was clearly identified. At low fields, helical stripes with k vector parallel with the ribbon is the ground state, and a single skyrmion chain is nucleated once the field is elevated ( figure 18(b) ). Interestingly, even in wider ribbons at low temperatures, only one skyrmion chain is generated, which appears on the ribbon edge first and gradually shifts to the ribbon center when field increases. This suggests an exotic field-dependent interaction between skyrmions and the edge. Recent micromagnetic simulation has revealed a Lennard-Jones nature of this interaction [163] .
Discrete number of skyrmions in confined geometries leads to quantized signal of magnetoresistance. Recent study of skyrmions in MnSi nanowire has shown cascading resistance changes when the field is applied along the wire [161] . At the field increasing process, jumps of magnetoresistance were identified when the skyrmion number changes ( figure 18(c-d) ). This shows promising possibility of using simple electric measurement to monitor skyrmion numbers in confined geometries.
Interests have emerged on studying skyrmions and other relevant topological spin textures in 3D confined geometries. In bulk samples, skyrmions stack quite uniformly along the field direction and form arrays of [155, 160] tubes. However, at the sample boundary, skyrmion tube twists due to imbalanced DM interaction, and the bobber state can appear where the skyrmion tube terminates at a Bloch point [154] . Furthermore, target skyrmion, a state consists of multiple concentric spin helices, was observed in nanodisks with thickness comparable to the skyrmion size [160] (figure 19(ac) ).
Importantly, this state is stabilized by the dipolar interaction and persists in the absence of magnetic field. As a consequence, two species of target skyrmions are degenerate, and can be switched from one to the other by an external magnetic field. Once this nanodisk is sandwiched in between two spinpolarized layers, another spin texture called hopfion can emerge [155] , whose lateral cross-section consists of a pair of skyrmion and anti-skyrmion (figure19(de)). Its dynamical behavior is worth exploring in the future.
Concluding remarks
As a conclusion, skyrmions exhibit novel properties in confined geometries.
Particularly they can exist at extended phase diagrams and experience nontrivial interactions to the boundary. Study of skyrmions in confined geometry is moving from low dimensions to three dimensions. Advanced magnetic imaging techniques with high spatial and temporal resolutions are called for. For the purpose of future device applications, electric signatures of skyrmion in nanoribbons need to be heavily studied.
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Status
Skyrmion was originally proposed in nuclear physics as a model for hadrons, and is ubiquitous for various physical systems besides the magnets such as quantum Hall system, liquid crystal, and cold atoms. Especially, magnetic skyrmions are closely related to the relativistic spin-orbit interaction in crystals or at interfaces with inversion symmetry breaking. Therefore, they have the common features with other physical phenomena driven by spin-orbit interaction with broken inversion symmetry such as the surface states of topological insulators and noncentrosymmetric superconductors, and hence it makes sense to consider the hybrid of skyrmions and these other systems [164] . However, at present, the researches on skyrmions, topological insulators, and noncentrosymmetric superconductors are rather independently developed as described below.
The skyrmion is characterized by the topological index, called skyrmion number, which is given by the integral of the emergent magnetic flux defined by the spin Berry curvature in real space. Therefore, there are many intriguing physical phenomena related to the spin Berry phase such as the topological Hall effect, and emergent electromagnetic induction [165] .
On the other hand, topological insulators (TIs) are characterized by the Berry curvature of the Bloch wavefunctions in momentum space. It is symmetry protected topological state (SPT) by the time-reversal symmetry T. The hallmark of TI appears at the surface where the inversion symmetry is broken, i.e., the robust gapless surface states with spinmomentum locking. This surface states are proven to be useful for various spintronics applications, e.g., highly efficient spin-charge conversion [164] . As for the noncentrosymmetric superconductors, the mixing of spin singlet and spin triplet pairings is inevitable, i.e., the spin degrees of freedom are (partially) active, which results in novel phenomena such as the huge upper critical limit beyond the Pauli limit. A remarkable noncentrosymmetric topological superconductor appears in the surface state of TI, where the Majorana bound state is predicted and partially observed experimentally at the core of the vortex.
Current and future challenges
The current research front is the interplay among the spin-orbit driven phenomena described above, but this issue has been mostly explored theoretically.
The skyrnions on TI surface is an interesting topics since the coupling to the surface state produces the Dzyaloshinskii-Moriya interaction (DMI), which can cause the skyrmion formation. A numerical calculation has been done for a model system aiming at Bi 2 Se 3 doped with Cr, and it is concluded that skyrmions of Neel type is stabilized in the hole doped case. Experimentally, this prediction has been tested by the measurement of topological Hall effect in the heterostructure of Cr x (Bi 1−y Sb y ) 2−x Te 3 /(Bi 1−y Sb y ) 2 Te 3 [166] . Furthermore, the thickness dependence of the topological Hall effect in Mn-doped Bi 2 Te 3 topological insulator (TI) films grown by molecular beam epitaxy is consistently interpreted as the skyrmion formation compared with the theoretical calculation [167] . A related theoretical work has been done on the anomalous topological Hall effect due to skyrmions on topological surface state. The next target in this system is the skyrmion motion driven by the current. Because of the spin-momentum locking in the surface state, the spin transfer torque and spin-orbit torque are expected to be very different from the usual metals. The detailed studies changing the current density and chemical potential position by gating are highly desired to identify the mechanisms.
The interplay between the skyrmion and superconductivity is another interesting issue. As for the Majorana fermions, it has been theoretically predicted that the p + ip superconductivity and associated chiral Majorana edge channel are realized as the in-gap superconductivity induced by the Shiba states [168] . Also the Majorana bound state is predicted theoretically at skyrmion [169] . It is also proposed that the magnetic skyrmions can control the Josephson effect where the critical current is changed by several orders of magnitude simply by reversing the helicity of a magnetic skyrmion [170] . It is expected that in iron-based superconductors (FeSCs) when inversion symmetry is broken, e.g., monolayer iron selenide (FeSe) on a strontium titanate (SrTiO3(001)) substrate, the noncollinar spin structure essentially equivalent to the skyrmion crystal is realized [171] . Also similar skyrmion lattice texture is predicted for the superconductor at LAO/STO interface [172] . The remaining challenges are the experimental test of these theoretical predictions.
Advances in science and technology to meet challenges
Combining skyrmions with topological insulators and superconductors is a big challenge especially for experimentalists. The most important step is to prepare the sample in a well controlled way. First the homogeneity of proximity effect of the magnets, superconductors, and topological surface is the crucial issue. For example, the spatially varying exchange gap observed in magnetic topological insulator surface is regarded as the main reason to suppress the temperature where the quantized anomalous Hall effect is observed. Superlattice formation and modulation doping can be a method to improve this problem. Second the direct real-space observation of the spin and electronic structures is desirable in addition to the transport measurements.
Lorentz microscopy and spin-resolved STM have been successful for this purpose, and the simultaneous observation of the spin and electrons by combining these tools would Figure 21 . The skyrmion lattice structure of the pseudospin predicted for the clean interface superconductor. Reproduced from Ref. [172] . provide rich information. Thirdly, the fine tuning of the parameter such as the size of the skyrmions, chemical potential µ for electrons, thickness of the films, etc. is an important tool to identify the physical mechanisms behind the phenomenon. Lastly, the quantum dynamics of the composite system is a mostly unexplored problem, which will reveal the excitation spectrum of the system in addition to the ground state and low-lying excitations. Accurate optical spectroscopy including real-time resolution would be a powerful tool for this purpose. For example, the rapid change in the magnetic structure would produce the gigantic emergent electric field, which might induce novel phenomena unique to the skyrmionic systems.
Theoretically, the unified treatment of the skyrmion structures in real and momentum spaces is a challenging issue. The spin-orbit interaction produces the spin structure in the crystal momentum space in noncentrosymmetric system, i.e., the spin splitting occurs at generic k-point except the timereversal symmetric momenta to produce the spin texture. This can be often topological, e.g., skyrmion and monopole. The interplay between these real-space and momentum-space emergent electromagnetic field will be a most interesting theoretical issue including their dynamics.
Concluding remarks
Inversion symmetry breaking combined with the relativistic spin-orbit interaction offers a rich variety of physical phenomena which might leads to novel functions of materials. Spintronics application of TI surface, singlet-triplet mixing in noncentrosymmetric superconductors, skyrmion formation in chiral magnets are the representative examples, which have been studied rather independently. These apparently different phenomena have a basic principle in common, i.e., the emergent gauge field or emergent electromagnetic field. Therefore, it is most natural to consider the combination of these by fabricating the hybrid systems of skyrmions, topological insulator, and superconductors, and explore their interplay. From the point of view of applications, the nonreciprocal responses including the directional propagation of quasi-particles and nonlinear rectification effect unique to the noncentrosymmetric systems with broken time-reversal symmetry are the promising direction [173] . Generalization of the concept of skyrmions will find the more progress in the future. 
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